For more than a decade, phage displayed combinatorial antibody libraries have been used to generate and select a wide variety of antibodies. We previously reported that the phage coat proteins pVII and pIX could be used to display the heterodimeric structure of the antibody Fv region. Herein, aspects of this technology were invoked and extended to construct a large, human single-chain Fv (scFv) library of 4.5 ؋ 10 9 members displayed on pIX of filamentous bacteriophage. Furthermore, the diversity, quality, and utility of the library were demonstrated by the selection of scFv clones against six different protein antigens. Notably, more than 90% of the selected clones showed positive binding for their respective antigens after as few as three rounds of panning. Analyzed scFvs were also found to be of high affinity. For example, kinetic analysis (BIAcore) revealed that scFvs against staphylococcal enterotoxin B and cholera toxin B subunit had a nanomolar and subnanomolar dissociation constant, respectively, affording affinities comparable to, or exceeding that, of mAbs obtained from immunization. High specificity was also attained, not only between very distinct proteins, but also in the case of the Ricinus communis (''ricin'') agglutinins (RCA60 and RCA120), despite >80% sequence homology between the two. The results suggested that the performance of pIX-display libraries can potentially exceed that of the pIII-display format and make it ideally suited for panning a wide variety of target antigens.
C
ombinatorial antibody library technology represents a powerful tool for discovering and designing antibodies that bind targets with high affinity and specificity (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Antibody phagedisplay libraries obviate the need for immunization and the concomitant laborious hybridoma protocols for obtaining mAbs, directly afford the cloned antibody genes in single-chain Fv (scFv) or Fab format for convenient manipulation, and, importantly, can be derived from the human antibody repertoire. In the phage-display screening format antibodies fused to the capsid or ''coat'' proteins of filamentous bacteriophage are displayed for targeted selection on the phage particles that also encapsulate the cognate genes (14, 15) . Hence, the structural linkage between a polypeptide sequence expressed on the phage surface, and the DNA encoding that sequence, permits a functional linkage between target recognition and sequence replication that facilitates the rapid screening and identification of polypeptides with novel and desirable properties.
Phage-display technology has generally made use of the filamentous bacteriophage M13 or the closely related phage fd. These phages are composed of circular, single-stranded DNA surrounded by a cylinder of coat proteins and are about 1 m in length, 7 nm in diameter, and have a molecular mass of Ϸ1.6 ϫ 10 7 Da (16, 17) . Most of the viral capsid consists of the major protein pVIII, of which there are Ϸ2,700 copies per phage. At one end of the phage particle, there are five copies each of pIII and pVI that are involved in host-cell binding and in the termination of the assembly process. The other end contains five copies each of pVII and pIX that are actually hydrophobic peptides of 33 and 32 aa, respectively, required for the initiation of assembly and for maintenance of virion stability (16) . The five coat proteins, pIII, pVI, pVII, pVIII, and pIX, are all integral inner membrane proteins before assembly, but only pIII and pVIII are synthesized as precursors containing signal sequences (16) . Notably, the pIII and pVIII structures have been characterized by both x-ray crystallography and NMR (18) (19) (20) (21) (22) . The components pVI, pVII, and pIX are synthesized without signal peptides, and their mechanism of insertion into the membrane is unknown. Both pVII and pIX may span the membrane once, with their N termini facing the periplasm, based on the observation that, when overproduced from a plasmid, they retain an N-terminal formyl group after membrane insertion (23) . In addition, the sequences of pVII and pIX predict one membranespanning region, and recent data suggest that pIX has a helical conformation in the membrane (24) . During the process of phage assembly, the pVII and pIX are located at the same end of the phage particle that emerges first from the bacterium, and are required for the initiation of phage assembly through interaction with the first set of pVIII molecules and the DNA packaging signal of the phage genome (16) .
Both pIII and pVIII have been used to display peptide and antibody libraries (1) (2) (3) (4) (5) (6) (7) (8) , and pVI has been used to display fusion proteins at its C terminus that makes it amenable for the display of cDNA-encoded libraries (25) (26) (27) . Significantly, large, nonimmune or ''naïve'' antibody-phage libraries displayed on pIII have proven to be a general method to readily isolate high-affinity and specific human antibodies against a variety of target antigens (28) (29) (30) (31) (32) . We previously showed that pVII and pIX could be used to display the antibody variable heavy-chain region (V H ) and variable light-chain region (V L ), respectively, and that this heterodimeric presentation afforded a viable Fv with fully functional binding and catalytic activities (33) . In the present study, we used a pIX display alone for the efficient construction of a large, naïve human antibody library based on the fusion of the scFv format to the N terminus of pIX. This library contained Ϸ4.5 ϫ 10 9 members and was then used to select scFvs against six different protein antigens. Analysis of binding interactions revealed high affinity and specificity.
digested by SpeI and NheI and inserted into the pCGMT vector, which was cut with the same restriction enzymes. SpeI digestion and further DNA sequencing was used to characterize the orientation of gIX in the vector.
Preparation of the cDNA Template. Total RNA was prepared from 10 different samples of human peripheral blood lymphocytes (PBLs) by using a RNA Purification kit (Stratagene). Firststrand cDNA was synthesized from total RNA by using a First-Strand cDNA Synthesis kit (Amersham Pharmacia) with random hexamers.
Amplification of Antibody Variable Region Genes. Both the V H and V L gene repertoires were PCR amplified by using the cDNA and a previously constructed scFv-phage library plasmid (28) as templates. To amplify the V H and V L genes from the cDNA and plasmid template, the primers were designed based on those published previously and the most recent gene segments entered in the V-Base sequence directory (29, (35) (36) (37) . All primary PCR reactions were carried out with separate backward primers and combined forward primers. For the amplification of the V H gene repertoires, 12 separate PCR reactions were set up by using one of 12 different human V H (HV H ) back primers and an equimolar mixture of four human heavy chain J region (HJ H ) forward primers. For the and V L genes, the same approach was used with 13 separate reactions defined by individual HV͞HV back primers and a mixture of HJ͞HJ forward primers. PCRs were performed in 100 l volumes containing 2 l of cDNA reaction mixture, 2 M of primer solutions, 200 M of dNTPs, 5% DMSO, and 10 l of Pfu polymerase reaction buffer (Stratagene). After 5 min of denaturation at 94°C, 5 units of Pfu polymerase was added, followed by 30 cycles of 1 min at 94°C, 1 min at 57°C, and 1 min at 72°C, and at the end of cycling an incubation of 10 min at 72°C. After PCR, the various reactions afforded V H , V, and V subpools from each of the 10 different PBL samples and scFv-phage library plasmid that were mixed to give three final V H , V, and V pools ready for purification and assembly.
Construction of the scFv Library. The amplified V H and V L genes were gel-purified on agarose, and the scFv genes were assembled by overlap PCR using V H and V L fragments as templates. First, approximately 20 ng each of V H and V L were assembled with a linker by PCR without primers in which the short regions of complementarity built into the ends of the linker promoted hybridization of the various fragments. An initial denaturation step for 5 min at 94°C was followed by five cycles of 1 min at 94°C, 1 min at 60°C, and 1.5 min at 72°C in the absence of primers. After adding the outer primers HVH (SfiI) and HJL (SfiI), 30 cycles of 30 s at 94°C, 30 s at 60°C, and 1.5 min at 72°C were performed. The scFv genes were digested with SfiI, agarose gel-purified, and ligated into the phage-display vector pCGMT9 that had been cut with the same restriction enzyme. The ligated products were electroporated into Escherichia coli XL1-Blue competent cells to yield a diversity of Ϸ4.5 ϫ 10 9 independent transformants. After electroporation, cells were plated on LB agar containing 2% glucose, 50 g/ml carbenicillin, and 20 g/ml tetracycline in 40 dishes (150 mm ϫ 10 mm; Nunc) and incubated overnight at 30°C. The clones were scraped off the plates into 300 ml of superbroth (SB) medium with 10% glycerol and subsequently stored at Ϫ70°C.
Rescue of scFv-Phage. To rescue the scFv-phage, 1 L of SB medium containing 2% glucose, 50 g/ml carbenicillin, and 20 g/ml tetracycline was inoculated overnight with Ϸ5 ϫ 10 10 cells from the library glycerol stock. The culture was shaken at 37°C until OD 600 Ϸ 0.5-0.7 was obtained. Then, Ϸ4 ϫ 10 13 plaque forming units of helper phage VCSM13 and 2 ml of 0.5 M isopropyl ␤-D-thiogalactopyranoside (IPTG) were added. After 30-min incubation at room temperature, the culture was diluted into 5 liters of SB medium containing 50 g/ml carbenicillin, 20 g/ml tetracycline, and 0.5 mM IPTG and grown for 2 h at 30°C. Kanamycin was then added to a final concentration of 70 g/ml, and the culture was grown overnight at 30°C. Phage were prepared by polyethylene glycol (PEG)͞NaCl precipitation.
Panning of scFv-Phage. The library was subjected to three or four rounds of panning. Specifc scFv-phage were affinity selected by using proteins adsorbed to immunotubes (Maxisorb, Nunc). For selection of BSA, TNF-␣, SEB, CTB, RCA 60 , and RCA 120 , immunotubes were coated with the individual proteins overnight at room temperature by using 1 ml of 50 g/ml protein in PBS (10 mM phosphate͞150 mM NaCl, pH 7.4) for the first round, 10 g/ml for the second round, and 5 g/ml for the third and fourth rounds of panning. The immunotubes were blocked with Blotto (4% skimmed milk in PBS) for 1 h at room temperature and then Ϸ10 13 cfu scFv-phage were added into the immunotube in 2% skimmed milk͞2% BSA in PBS (BSA was omitted when panning against BSA). After 2 h of incubation with rocking at room temperature, the unbound and nonspecifically bound scFv-phage were eluted by using 10 washes with PBS͞0.1% Tween-20 and 10 washes with PBS. The specifically bound scFv-phage was eluted with 1 ml elution buffer (100 mM HCl, adjusted to pH 2.2 with solid glycine and containing 0.1% BSA) for 10 min at room temperature. The eluate was neutralized with 60 l of 2 M Tris base and was used to infect freshly prepared E. coli XL1-Blue cells. The scFv-phage were then amplified and rescued as outlined above and entered into the next round of panning.
ELISA of scFv-Phage Binding. Relative affinity and specificity of scFv-phage and soluble scFvs was assessed against the six protein antigens. BSA, TNF-␣, SEB, CTB, RCA 60 , and RCA 120 solutions at 10 g/ml were coated on a microtiter plate at room temperature overnight. Any remaining binding sites were blocked with Blotto. Approximately 25 l per well of scFv-phage or soluble scFv supernatant from overnight cell cultures was added and incubated for 1 h at 37°C. For scFv-phage ELISA, after washing, 25 l of anti-M13 mAb horseradish peroxidase (HRP) conjugate (Amersham Pharmacia) diluted 1:1000 in Blotto was added for 30 min at 37°C. For ELISA using soluble scFv, anti-Flag M2 mAb HRP conjugate (Sigma) in Blotto was added and incubated for 30 min at 37°C. Detection was accomplished by adding 50 l of tetramethylbenzidine substrate (Pierce) and the absorbance was read at 450 nm.
Purification of scFvs and Affinity Measurements. The scFv genes were subcloned into expression vector pETFlag, expressed and purified to homogeneity (38) . Dissociation constants (K d ) were calculated from the measured association (k on ) and dissociation (k off ) rate constants by using the BIAcore instrumentation and software (Amersham Pharmacia) (39) (40) (41) (42) . For BIAcore experiments, protein antigens were immobilized on CM5 chips. After scFv binding measurements, chips were regenerated with 75 mM HCl (38) .
Results

Construction of the scFv Library.
Recently we showed that the phage coat proteins pVII and pIX could be harnessed to display a peptide Flag tag that was recognized by an anti-Flag mAb and also to display the V H and V L of different Fv antibodies with full retention of binding and catalytic activity (32) . In this work, we further explored the application of pIX for the construction of a human antibody library in the scFv format that could be used for the efficient selection of high-affinity and specific scFvs against protein antigens.
To obtain a quality library, the individual steps were optimized to increase the antibody variable region gene diversity and the efficiency of scFv gene assembly and cloning. First, the primer design was optimized for amplification of variable region gene pools to maintain maximum diversity. Second, the efficiency of scFv gene assembly was increased by exploiting the presence of the DNA encoding the (G 4 S) 3 peptide linker included at the end of the 3Ј-primer of the V H gene and 5Ј-primer of the V L gene. This design allowed us to assemble scFv genes from only two DNA fragments. Previously, scFv repertoires displayed by pIII were less efficiently assembled from three separate DNA fragments consisting of V H and V L gene repertoires and the linker DNA (28) . Third, 25 extra nucleotides at the 5Ј-end of the SfiI cutting site were appended to ensure efficient digestion of amplified scFv gene fragments.
The scFv library was constructed in two steps. First, the antibody variable region gene repertoires were amplified by PCR from the PBLs of 10 ''normal'' or asymptomatic human donors and a previously constructed scFv-phage library plasmid (28) . To maximize diversity, V H , V , and V gene family specific primers were used individually for amplification. Then, scFv genes were assembled from V H , V, and V repertoires, digested with SfiI, and ligated into the phagemid vector pCGMT9 (Fig. 1) . A human scFv library displayed on pIX and containing Ϸ4.5 ϫ 10 9 members was generated by only 20 electroporation procedures. To examine the integrity of the library, 40 clones were picked at random and all were found to contain scFv genes having the expected size. DNA sequencing of these clones revealed 40 unique sequences with a distribution in the length of the V H complementarity determining region 3 (CDR3) ranging from 5 to 19 residues. No obvious bias of V-gene usage was observed (data not shown).
Panning and ELISA of scFv-Phage. The library was evaluated by affinity selection with six different purified protein antigens from various sources, including bovine, human, bacterial, and plant. In light of our interest in the generation of human antibodies against potential biological warfare and bioterrorism agents (43) , four of these proteins were toxins. SEB and CTB are bacterial enterotoxins (44) (45) (46) (47) , and RCA 60 and RCA 120 (''ricin'') are lectins from the castor-oil bean that act as potent inhibitors of protein biosynthesis (48) (49) (50) . BSA was chosen as a well-known model antigen, and human TNF-␣ is a cytokine that has importance in cytotoxicity and as a proinflammatory substance (51) (52) (53) . Each round of panning selection comprised a cycle of scFv-phage binding to the immobilized antigen, washing away of unbound and nonspecifically bound scFv-phage, elution of the specifically bound scFv-phage, and propagation of enriched scFv-phage for entry into the next round of panning. By using this protocol, which is typical in our laboratory and that reported in the literature, we were gratified to find that the efficiency of enrichment of specific scFv-phage exceeded that which we generally observed by using the pIII-display format. Four rounds of panning with BSA and recombinant TNF-␣ were carried out for testing purposes, because this is our standard protocol, and excellent results were obtained. However, for the other proteins, panning was stopped after only three rounds with no decrease in performance. In all cases, we determined by ELISA that 90-100% of the randomly selected and analyzed scFv-phage were positive in binding to their respective antigen (Table 1) . From Ϸ20 clones selected against each antigen, two to five distinct scFv sequences were found and each sequence showed strong binding by ELISA. Finally, testing of the anti-SEB scFvs against BSA, CTB, RCA 60 , and RCA 120 indicated no detectable crossreactivity (data not shown).
Fine Specificity of scFvs. As a stringent test of library diversity, phage-display characteristics, and panning performance, two protein antigens with a very high sequence homology were used in the selection process. RCA 60 is a heterodimer (␣␤Ј) consisting of an A chain and B chain, and RCA 120 is a tetramer (␣ 2 ␤ 2 ) having two identical A chains and two identical B chains. Protein sequence alignments between RCA 60 and RCA 120 indicated a 93% and 83% sequence homology of the A chains and B chains, respectively. After three rounds of panning, single clones were randomly picked and the scFv-phages were rescued. From the RCA 60 panning, 24 clones were represented by two different sequences, 23 of 24 clones were ranked as positive binders to RCA 60 (one clone showed no detectable binding) by ELISA, and all 23 binders gave no detectable cross-reactivity with RCA 120 or BSA. All clones obtained from the third round of panning against RCA 120 were positive and showed no measurable crossreactivity with RCA 60 or BSA (Table 1) .
Binding Affinity of scFvs. The K d values were determined for some representative scFv-antigen pairings, focusing in particular on the toxin proteins. To obtain the K d for each soluble scFv, the genes were subcloned into an expression vector (pETFlag) and purified from E. coli as described above. The kinetic parameters were measured by using BIAcore and the K d calculated in each case which showed that several scFvs had high affinity (nanomolar) binding ( Table 2 ).
Discussion
For more than a decade, phage-display technology has been an extremely practical way to isolate, engineer, and evolve combinatorial antibody libraries. In this regard, both pIII-and pVIIIdisplay formats have been the most instrumental in the construction of various libraries. Substantial information has been accumulated about the structural characteristics and the phagedisplay behavior of pIII and pVIII. However, a similar body of data concerning the proteins pVII and pIX remains to be acquired. Recently, we elucidated the orientation of pVII and pIX on the phage surface and, for the first time, showed that pVII and pIX could be used to individually display fusion proteins, notably the V H and V L of the antibody Fv fragment (33) . Encouraged by these results, we explored the further application of pIX to display a library of human scFvs.
In the library construction, individual steps were optimized to increase the efficiency of scFv gene assembly and cloning. A leader sequence was incorporated into the pIX-display vector that targeted the fusion proteins to the inner membrane and prevented accumulation in the cytoplasm. Directional cloning with a single, rarely occurring restriction site cut by the enzyme SfiI was also designed into the vector. The enzyme recognizes eight base pairs in sequences of 5Ј-GGCCNNNNNGGCC-3Ј and cuts at the junctions of the degenerate region within the interrupted palindromic recognition site. Two different sticky ends allowed cloning of the scFv fragment in the correct orientation. Furthermore, the fact that SfiI always cuts two sites at once (54) , and by ensuring efficient cutting by introducing 25 extra nucleotides at the 5Ј-end of the recognition site, facilitated construction of a large library containing Ϸ4.5 ϫ 10 9 members with minimal biases.
In panning procedures against six different protein antigens, a Ͼ10 4 -fold enrichment in scFv-phage was obtained after only three rounds of panning, and more than 90% of the selected scFv-phages were positive binders. Moreover, specific, highaffinity scFvs were readily and consistently obtained without special panning protocols. For example, scFvs against SEB showed no cross-reactivity versus other antigens in the panel, and BIAcore analysis indicated a K d ϭ 7.8 nM for scFv SEB13, which was comparable to anti-SEB murine mAbs obtained from a secondary immune response requiring intrasplenic boosting (55) . Also, a high-affinity scFv against CTB was obtained, with the K d value the first reported to date, and the scFv affinity was estimated to exceed that of previously isolated murine mAbs from immunization (56, 57) . The exquisite specificity of the scFvs between the highly homologous ricin agglutinins, RCA 60 and RCA 120 , was also notable, and such scFvs should be useful for the detection and distinction of these toxins. The performance of the pIX format for scFv selection against protein targets was judged as being broadly superior to the pIII-displayed scFv libraries used in our laboratory. The results from panning against hapten conjugates await to be determined. In general, pIX-display may overcome some disadvantages of the pIII-display format.
It has been observed that scFv-phage fusions on pIII lost their viability dramatically during a commonly used high pH elution step during panning (10 mM triethylamine, 10 min), whereas wild-type helper phage were not effected (58) . Similarly, other alternative phage recovery processes, such as low pH acid elution or DTT treatment, which also have no effect on wild-type phage, may have adverse effects on some fraction of the members of a particular library, a fact that cannot be predicted in advance. The N-terminal domain of pIII is required for phage infectivity by attachment to the tip of the FЈ pilus of E. coli, whereas the C-terminal portion of pIII acts in combination with pVI to cap the trailing end of the filament during phage assembly, allowing its release from the cell (59) . A potential advantage of pIXdisplay is that elution is not necessary to rescue phages that specifically bind to immobilized targets. Because the pIII proteins are freely exposed and unmodified, adding freshly prepared E. coli directly to the bound phage will produce infection. Hence, during selection, not only would one recover scFv-phage that might have lost infectivity in an elution step, but also other rare, very high-affinity binders that are difficult to obtain by most conventional elution procedures.
Another important property of the N-terminal domain of pIII is its role in providing immunity to a cell already infected with a filamentous phage. This immunity function prevents superinfection by other phage (60) . Most of the libraries displayed by using pIII are based on a phagemid that carries the pIII-fusion construct of interest and a helper phage that provides the proteins and enzymes required for phage packaging and replication. For phagemid systems using the entire pIII as the fusion partner, the phagemid-driven expression of the pIII-fusion protein must be shut down to allow superinfection by the helper phage, after which expression is induced to allow production and display of the fusion construct. However, it is very difficult to entirely shut down the background expression with the widely used lac promoter even with 2% glucose in the growth medium (61) . The background leakage of the pIII-fusion protein before adding helper phage will cause some level of immunity for a fraction of the clonal population, and so one could expect a corresponding decrease in library diversity. To allow infection with helper phage, the N-terminal domain of the phagemid pIII-fusion construct may be deleted to avoid producing immunity to helper phage.
Yet, both the intact and truncated pIII-display strategies are also subject to other possible disadvantages compared with pIX display that derive from the significant difference in the sizes of these coat proteins. The pIII itself is a large protein of 406 aa, and even the truncated C-terminal version is 150 aa in length (16) . On the other hand, pIX is only a 32-aa peptide. In pIII-monodisplay formats, we suggest that displayed proteins are more sterically encumbered by neighboring wild-type pIII, as opposed to pIX displays, in which the protein encounters little steric interference from wild-type pIX. As a result, any pIXdisplayed fusion construct may be more accessible to all targets, and the differences could manifest significantly for some displays and some targets of interest. Regardless of which phage-display format is used, selection can suffer from the amplification of scFv-phage without specific binding activities, which increases the background and decreases enrichment efficiency. We suggest that the larger pIII proteins could play more of a role than pIX in this nonspecific binding through a greater likelihood of hydrophobic and͞or electrostatic interactions with the panned target antigen. Based on previous work from our laboratory with a truncated pIII-displayed scFv library, the background in the pIX system was at least five to 10-fold less by comparison of the output phage numbers from negative clones against the same antigen.
The procurement of human antibodies specific for various endogenous factors and exogenous toxins is of particular interest for passive immunotherapy of disease and for protection. In addition, the progress in deciphering the human genome has given impetus to the application of engineered antibodies in proteomics. Thus, advances in antibody phage-display libraries will not only provide antibodies against newly discovered targets, but can help to define novel gene function and the measurement of abnormal protein expression in pathological states. Herein, we described a format using pIX for the display of a large, naïve human scFv-antibody library derived from the PBLs of asymptomatic donors. Notably, we were able to efficiently construct the library and then readily select high affinity and exquisitely specific scFvs against six protein antigens of distinct sizes and structures, and from widely different sources. This pIXdisplayed human scFv-phage library may be a valuable source of human antibodies for numerous therapeutic and proteomic investigations.
